Abstract. The gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae), causes enormous damage to broadleaved forests in the northern hemisphere where it frequently defoliates large areas of forest. Since outbreaks begin in oak forests, its most suitable habitat, we determined the preference and performance of gypsy moth larvae when reared on three species of native oaks: sessile oak, Quercus petraea (Matt.) Liebl.; Turkey oak, Q. cerris L.; and Hungarian oak, Q. frainetto (Ten.). Leaf expansion and selected physical and chemical characteristics of the oak leaves were also measured. The shortest development time and highest relative consumption (RCR), growth rate (RGR), assimilation efficiency (AD), efficiency of conversion of ingested food (ECI) and digested food into larval biomass (ECD) values were recorded when larvae were fed on Turkey oak. Two-choice tests revealed that Turkey oak is the preferred host plant. It had the highest total soluble protein and leaf nitrogen content, lowest C/N ratio and its phenology was well synchronized with the hatching of the larvae. The worst performance and lowest preference index were recorded when fed on Hungarian oak, the leaves of which had the lowest protein and nitrogen content, while in terms of the values for preference and performance the larvae fed on sessile oak were intermediate. Our results indicate that forests with Turkey oak are highly likely to be defoliated by gypsy moth larvae and therefore should be regularly monitored.
IntroductIon
The gypsy moth, Lymantria dispar L. (Lepidoptera: Lymantriidae) is one of the most serious pests of hardwood forests throughout the northern hemisphere (Elkinton & Liebhold, 1990) . Frequent outbreaks of gypsy moths cause a great deal of damage and result in loss of radial growth (Muzika & Liebhold, 1999 Naidoo & Lechowicz, 2001; Fajvan et al., 2008) , changes in fruiting (Gottschalk, 1990) and forest decline (Davidson et al., 1999) . Particularly affected is Southeast Europe, where outbreaks are frequent (Marović et al., 1998; Pernek et al., 2008) . Since the outbreaks cannot be reliably predicted, it is necessary to prevent permanent damage by monitoring gypsy moth populations over large areas.
Cyclic variation in population density is affected by the individual quality of gypsy moth larvae and environmental factors such as temperature, humidity, natural enemies and host plants (Valentin et al., 1983; Elkinton & Liebhold, 1990; Rossiter, 1994; Berryman, 1996) . As a generalist species, the gypsy moth commonly encounters spatial and temporal variation in food quality, which may be altered by defoliation (Valentin et al., 1983; Rossiter et al., 1988) , humidity (Kleiner & Montgomery, 1994) , mineral fertilization (Giertych et al., 2005) , level of atmospheric CO 2 (Traw et al., 1996; Couture et al., 2012) etc. Its successful development and reproduction depend on the nutritional quality, physical characteristics, toxicity and phenology of its host plants as well as behavioral and physiological ability of gypsy moth larvae to overcome the negative effects of nutritive and/or allelochemical stress (Rossiter et al., 1988; Lindroth et al., 1997; Lazarević et al., 2002; Mrdaković et al., 2013) . Gypsy moth host plants have been ranked in terms of their suitability based on the degree to which they are defoliated and fitness traits (survival, growth) of the larvae and their preference for feeding on these plants (Liebhold et al., 1995) .
During latent periods in their population dynamics, the gypsy moth feeds on the most suitable hosts, i.e., oaks (Quercus spp). Therefore, it is necessary to focus the monitoring on oak forests where outbreaks begin. Of the 20 species of oaks described in the Atlas of the Flora of Europe, 12 occur in the Balkans (Jalas & Suominen, 1987) , but only three species -sessile oak, Quercus petraea (Matt.) Liebl.; Turkey oak, Q. cerris L.; and Hungarian oak, Q. frainetto (Ten.) -are of economic importance.
Host plants
For testing the performance and preference of gypsy moth larvae, four to six trees of sessile oak, Turkey oak and Hungarian oak, each aged approximately 60 years, were selected and marked in the Arboretum of the Faculty of Forestry in Belgrade. In order to standardize the effect of environmental factors on bud burst these trees were all located within a 50 × 50 m area, at the same altitude and with the same exposure.
characteristics of leaves
Leaf development was recorded from the beginning of April until the middle of May 2009; leaf length measurements were taken twice a week to the nearest 0.5 cm. Upon completion of leaf development, the percentage of leaf development for each period was determined, based on the relationship between the average leaf length at that time and the average leaf length at the end of the leafing process. This was performed separately for each tree.
Leaves for chemical analysis were collected in the middle of May. Phenol and tannin analyses were carried out according to the FAO/IEAE laboratory manual (Makkar, 2000) . Fresh leaves were collected from four trees per species of oak. Leaves collected from each tree (n = 7-8) were mixed and ground in liquid nitrogen. Lyophilized finely ground leaf material was suspended in 50% methanol (10 mg/ml) and subjected to ultrasonic treatment. After 20 min of extraction at room temperature, insoluble material was removed by centrifugation and re-extracted. The supernatants were mixed and used in further analyses. Tannin content was determined by two methods. First method, the colorimetric Folin-Ciocalteu method, is based on the reducing property of tannins as phenols and their ability to bind to polyvinyl polypyrrolidone (PVPP) (Makkar et al., 1993; Makkar, 2000) . Phenols were detected in the extract before and after treatment with PVPP and the tannin content was the difference between these two values. The other method (Makkar et al., 1988; Makkar, 2000) depends on the biological activity of tannins, i.e. their capacity to bind proteins. After the formation of a complex between tannins from plant extracts and bovine serum albumin as a protein, bounded tannins were measured by ferric chloride assay. Tannic acid (Sigma-Aldrich-403040) was used as a standard and total phenol and tannin contents were expressed as mg of tannic acid equivalents per 100 mg of dry leaf mass.
To determine total soluble protein content dry leaf tissue was extracted in 0.1 M potassium phosphate buffer (pH 7.0) with 0.1% Triton X-100, 5% PVPP and 2 mM phenylmethylsulfonyl fluoride (PMSF). After centrifugation, the supernatant was assayed for soluble proteins according to Bradford (1976) .
Leaf samples for carbon and nitrogen analysis were dried for 48 h at 40°C. Total carbon content was determined by wet combustion in CrO 3 and H 2 SO 4 using the method of Ansttet, modified by Ponomarieva & Plotnikova (1975) . Total leaf nitrogen was determined using the Kjeldahl method. The destruction of the sample was performed in sulphuric acid in the presence of a catalyst (CuSO 4 and K 2 SO 4 , 1 : 3) until all organic nitrogen was converted into ammonia. Distillation of ammonia was done using a Kjeldahl apparatus and the distillate collected in orthoboric acid (Rhee, 2001) . Prior to determination of leaf water content and specific leaf weight, leaves were scanned and measured before and after drying for 72 h at 65°C.
Preference test
Gypsy moth larvae were grown in a climatic chamber (Sanyo) on an artificial medium (MP Biomedicals, Inc.) in Petri dishes (120 × 15 mm) at 23°C, 65% r.h. and a photoperiod of 15L : 9D until they moulted to the second larval instar. After moulting, larvae were separated and starved for 24 h. Petri dishes for the Sessile oak has the most northerly distribution, reaching latitude 60°N in the Baltic region (Axelrod, 1983) . It grows on plains on most types of soil from sea level up to an altitude of 1800 m (Ducousso & Bordacs, 2004) . Turkey oak grows naturally from central and south-eastern Europe to Asia Minor (Şen et al., 2011) , but over the last 500 years has been extensively planted north of its native range in Europe. Hungarian oak occurs in thermophilic deciduous forests in Southeast Europe, extending from the Aegean coast of Anatolia to the Apennine Peninsula (Abbate et al., 1990) . It is most widespread on the Balkan Peninsula, where it occurs scattered within a broad belt of vegetation rich in woody species (Konstantinidis et al., 2002) and is well adapted to summer drought (Horvat et al., 1974) . Given the wide distribution and economic importance of these three species of oaks, and the frequency and extent of gypsy moth outbreaks in oak forests, information on the feeding behaviour of this pest could be useful for management purposes.
Some studies on the feeding preferences of European gypsy moth populations indicate there is no difference in their preference for the species of oaks tested (Kurir, 1953; Györfi, 1960) , whereas others carried out in North America indicate that oaks differ greatly in their suitability for gypsy moths (Valentine & Talerico, 1980; Liebhold et al., 1995; Foss & Rieske, 2003) . Some studies on European oaks (Cambini & Magnoler, 1997; Magnoler & Cambini, 1997) and sessile and Turkey oaks (Schopf et al., 1999 ) also indicate they differ in their suitability as a food source for gypsy moth.
To estimate the risk of defoliation we compared the preference and performance of gypsy moth larvae fed on the leaves of the three species of oaks of economic importance that occur on the Balkan Peninsula: sessile oak, Turkey oak, and Hungarian oak. We also compared the phenology and physical and chemical traits of their leaves, which might account for the differences in gypsy moth preference and performance.
MAtErIAL And MEtHods

Insects
Egg masses used in the experiments were collected from a plantation of Euro-American poplar Populus × euroamericana in autumn of 2008. First the eggs were mechanically cleaned of hairs by gentle pressing an egg mass through a piece of gauze using a plug of cotton wool and then the viable eggs were surface disinfected by soaking them in 0.1% sodium hypochlorite for 5 min. The eggs were then rinsed with distilled water for 10 min and finally dried. After this the eggs were kept in a refrigerator at 4°C until the beginning of the experiments.
Viable eggs from 25 egg masses were mixed and placed in tubes. One hundred eggs from each egg mass were transferred to the Arboretum for hatching in January 2009. Hatching in the laboratory was initiated after 50% of the eggs transferred to the Arboretum had hatched (mid-April). Initiation of hatching of the eggs in the laboratory was done by placing them in climate chamber kept at 25°C. preference tests were prepared as follows. A 2-mm thick layer of agar-water (2%) was poured into each Petri dish (90 × 14 mm) and after it solidified covered with filter paper. Leaf disks (15 mm diameter) of two different oak species were placed in each Petri dish according to the ABABAB design and fixed with pins of different colours. After preparation of the Petri dishes, one larva was placed in the center of each dish to rule out the possibility of choosing of a particular kind of leaf by chance. To preserve the freshness of the leaf disks the filter paper was slightly moistened. We tested the preference of gypsy moth larvae in the three possible pair combinations for the three species studied. For each combination 30 larvae were tested. At the end of the experiment, the remains of the disks were scanned (200 dpi resolution, jpg form) to determine the area of each leaf consumed in the pair using the ImageTool software package (UTHSCSA). Consumed area was calculated as the difference between area of uneaten disks (a sample of 30 disks) and the area remaining after feeding. For the preference ranking of the oaks, we calculated the Preference Index by dividing the number of pairs in which one species of oak was preferred (greater area consumed) by the total number of pairs for that species (60). We also calculated relative preference as percentage based on the ratio between the area of one species of oak consumed and the total area consumed within each combination of oaks. A species was preferred if the percentage of its area consumed was greater than that of the other species in the pair.
Performance test
Gypsy moth larvae were grown in a climatic chamber (Sanyo) on artificial medium (MP Biomedicals, Inc.) in Petri dishes (120 × 15 mm) at 23°C, 65% r.h. and a photoperiod of 15L : 9D until they moulted to the fourth larval instar. After moulting, larvae were separated and grown separately on leaves of Turkey oak, Hungarian oak and sessile oak, until the end of the fourth larval instar. Thirty larvae were fed separately on the leaves of each of the three species of oaks in Petri dishes (120 × 15 mm). Leaves were collected from trees that were located in the Arboretum of the Faculty of Forestry in Belgrade.
Thirty larvae from the same experimental group were measured. Their weight was measured at the beginning of the experiment, i.e., after moulting to the fourth larval instar, and after drying at 65°C for 3 days. Differences between the fresh and dry weights were used to calculate the dry weight of larvae at the beginning of the experiment. The weight at the end of the experiment (beginning of the fifth larval stage) was measured after drying.
Faeces and leaf remains were collected during the experiment, dried and used to calculate nutritional indices using the formulas of Waldbauer (1968) , with the exception of relative growth rate (RGR). RGR was calculated using the weight at the beginning of the fourth and fifth larval instars, using the formula of Farrar et al. (1989) . 
statistical analysis
Statistical analysis was performed using the software package Statistica 6.0 (StatSoft, Inc.). Analysis of differences in leaf development was performed using repeated ANOVA on the √(x + 0.5) transformed data. Differences in the chemical composition of leaves were determined by ANOVA of log-transformed data or arcsine transformed percentages. The percentages of areas of leaves consumed in the two-choice test were also arcsinetransformed and compared using t-test for dependent samples. To evaluate differences in performance of caterpillars fed on the three species of oaks we used an ANCOVA followed by Duncan multiple range test, with the exception of the duration of the fourth larval instar (dl4). The initial weight of the caterpillars was used as the covariate for calculation of RCR and RGR. The weight of food consumed was the covariate for AD and ECI, and the difference between the weight of food consumed and weight of faeces was the covariate for ECD. To disentangle pre-and post-ingestive host plant effects on ECI we also compared the ECI values by ANOVA. If both ANCOVA and ANOVA reveal a significant host plant effect on ECI we conclude that changes in food consumption (pre-ingestive behavioral trait) as well as changes in nutrient digestion and absorption or allelochemical detoxification (post-ingestive physiological traits) contribute to the observed variation in the ECI. Otherwise, if a significant effect is only indicated by the ANOVA, then the variation in ECI is just a consequence of behavioural responses to host plants.
rEsuLts
Leaf characteristics
The results of the analyses of total phenol, tannin and soluble protein contents in leaves of the oak species tested are presented in Table 1 . Leaves of Turkey oak had the highest and Hungarian oak the lowest values of these traits. Leaves of Turkey oak had the highest and Hungarian oak the lowest nitrogen and water content. C/N ratio of Turkey oak leaves was the lowest and that of those of Hungarian oak the highest. Intermediate values of these traits were recorded for sessile oak, which also had the highest specific leaf weight, which indicates leaf toughness.
Analysis of variance of repeated measurements showed statistically significant differences in leaf development among the oaks during the observation period April 3 rdApril 27 th (F = 16.20; d.f. = 16, P < 0.0001). At the first measurement (April 3 rd ) sessile oak had already started leafing and its leaves were fully developed on April 22
nd . On April 13 th the Turkey and Hungarian oaks started to leaf. The leaves of Hungarian oak were fully developed on April 27 th and those of Turkey oak on May 2 nd . During most of this period the development of the leaves of Turkey oak lagged behind those of Hungarian oak.
Larval preference
Oak species were ranked on the basis of gypsy moth larval food choice in two-choice assays. The preference index was highest for Turkey oak (0.65), moderate for sessile oak (0.50) and lowest for Hungarian oak (0.35). Second-instar larvae preferred Turkey oak leaves over those of the other two species, which is also indicated in the positive t values in the t-tests (Fig. 2) . Sessile oak leaves were preferred over those of Hungarian oak. If larvae were offered a choice between Turkey and sessile oak leaves or between sessile and Hungarian oak leaves there were no differences between percentages of the areas of these leaves consumed.
Larval performance
Significant host plant effects on the duration of development of 4 th instar larvae were revealed by ANOVA and growth and nutritional indices were compared using AN-COVA ( Table 2 ). The highest values of nutritional indices (RCR, RGR, AD, ECD and ECI) and shortest duration of development of 4 th instar larvae were recorded for those larvae fed on Turkey oak and they performed worst when fed on leaves of Hungarian oak. Since significant differences in ECI among oaks were obtained using both ANO-VA (F = 8.63, P = 0.003) and ANCOVA ( Table 2 ) it appears that both pre-and post-ingestive processes were affected by feeding on leaves of these species of oaks. Intermediate performance traits were recorded when reared on the leaves of sessile oak. Relative growth rate (RGR) is the product of consumption (RCR) and gross growth efficiency (ECI), which depends on assimilation efficiency (digestibility, AD) and net growth efficiency (ECD). Homeostatic adjustment of these parameters may keep the growth rate constant. Although, larvae fed on leaves of sessile oak consumed a smaller leaf area than those fed on leaves of Hungarian oak they grew faster because they had a higher efficiency of conversion of ingested food into insect biomass than the latter. Despite the lower digestibility of the leaves of Hungarian oak, larvae fed on this host plant had a higher ECD and slightly higher relative consumption rate Fig. 2 . The relative preference in terms of area of leaf consumed (mean ± SE) by 2 nd instar gypsy moth larvae in two choice tests of three combinations of the species of oaks: Turkey vs. Hungarian oak (T vs. H), Turkey vs. sessile oak (T vs. S) and sessile vs. Hungarian oak (S vs. H). The comparison of the percentages of area consumed in each choice test was done using t tests (t and p values are presented above the columns). Fig. 1 . The relationships between percentage leaf development (mean ± SE) and time for the three species of oak studied (• -sessile oak; ○ -Hungarian oak; ■ -Turkey oak). table 2. Performance (mean ± SE) of fourth-instar gypsy moth larvae reared on leaves of the three species of oaks compared using ANCOVA, except for dl4 values which were compared using ANOVA (F and P values). Means followed by the same letter do not differ significantly (Duncan test, P < 0. and relative growth rate compared to those fed on leaves of sessile oak.
dIscussIon
Successful exploitation of host plants by phytophagous insects depends on accepting a host as a suitable source of food and oviposition site as well as their efficiency in utilizing host nutrients. These processes mainly depend on plant physical and chemical attributes. For example, leaf toughness is a good predictor of host preference (Pearse, 2011) and the nitrogen and water content affect the growth and nutritional indices of insects (Mattson, 1980; Martin & Van't Hof, 1988; Hemming & Lindroth, 1995; Lindroth et al., 1997; Barbehenn et al., 2004; Chen et al., 2004) . In addition, since leaf phenology changes over time and nutritional needs of insects change during development it is important for insect to be well synchronized with budburst of its host plants (Ivashov et al., 2002; van Asch & Visser, 2007) . Change in tannin concentration in leaves during the growing season affects the feeding and growth of insects (Feeny, 1970; Ossipov et al., 2001; Salminen et al., 2001; Haukioja et al., 2002) . Leaf age has a strong negative effect on gypsy moth fecundity (Hunter & Elkinton, 2000) .
In contrast to many other phytophagous insects in which preference is decoupled from performance (Gripenberg et al., 2010) , the gypsy moth larvae used in the present study successfully recognized host plants that are suitable for their development. The highest preference and performance values were recorded for the leaves of Turkey oak, which had the highest contents of water, nitrogen and soluble proteins as well as total phenols and tannins. Turkey oak was the most preferred and most suitable host and also was the last to produce leaves. On the other hand, leaves of Hungarian oak had the lowest contents of water, total phenols, tannins and soluble proteins and the larvae that fed on these leaves had the lowest preference index and worst performance.
The content of nutrients significantly affects the feeding and oviposition preference of insects. Females of some butterflies prefer to oviposit on plants with a high N content Prudic et al., 2005; Chen et al., 2008) . Other butterfly species are more abundant at sites where fertilizers have been applied (Fox et al., 1990) . Further, there are reports that the preference of gypsy moth larvae can differ and they choose host plants depending on their nitrogen (Foss & Rieske, 2003) and alkaloid content (Barbosa & Krischik, 1987) .
Diets with low nitrogen and protein contents negatively affect growth rate, efficiency of assimilation and efficiency of conversion of ingested and digested food into insect biomass (Barbehenn et al., 2004) . In addition, low leaf water content is thought to be one of the major factors suppressing nitrogen accumulation and larval growth (Scriber, 1979) . To compensate for the lack of nitrogen, insects increase their consumption rate, extend the period of feeding, and/or adjust the activities of digestive enzymes (Lindroth et al., 1997; Clissold et al., 2010; Janković-Tomanić, 2012) . According to the carbon nutrient balance hypothesis (Tuomi et al., 1988) , a high C/N ratio indicate greater allocation of plant resources to carbon based defense compounds. However, our study along with some others (Foss & Rieske, 2003) showed that oaks with a high nutrient content may also contain more tannins. The presence of secondary metabolites may prevent adaptive responses to low nitrogen (Simpson & Raubenheimer, 2001; Lazarević et al., 2002) . Experimentally induced changes in leaf chemistry (lowered N and starch content and elevated level of secondary metabolites) have a negative effect on gypsy moth performance (Wang et al., 2009) .
The shortest development time and highest values of relative growth rate (RGR), relative consumption rate (RCR), assimilation efficiency (AD) and efficiency of conversion of ingested (ECI) and digested food into larval biomass (ECD) were recorded for larvae that were reared on Turkey oak leaves. Foss & Rieske (2003) indicate that the leaves of Quercus palustris, the most suitable of the five species of oaks they studied on which gypsy moth larvae had the highest growth rate, contain the highest nitrogen content and moderate levels of carbohydrates and tannins. Although gypsy moth growth is negatively correlated with the content of phenolics (Rossiter et al., 1988) this species is considered to be tannin-tolerant. Barbehenn et al. (2009) showed that ingestion of a high level of tannic acid (higher than the total tannin level determined for Turkey oak in our experiment) did not provoke oxidative stress in the midgut and larvae maintained a high growth rate by consuming more of the food containing tannin. In addition, protein utilization efficiency is slightly increased in tannin-treated larvae (Barbehenn et al., 2009) . A study of the effects of seasonal changes in the chemical composition of oak leaves on the larvae of gypsy moth indicates they suffer a low level of oxidative stress in both spring and summer and that their better performance in spring is attributed to the higher nutritional quality of leaves at that time (Barbehenn et al., 2013) . High protein and water content and low toughness of Turkey oak leaves may also account for the high growth rate of gypsy moth larvae reared on the leaves of this oak in our experiment.
Although sessile oak leaves had a relatively high N and soluble protein content, the growth and feeding parameters of larvae fed on this oak were significantly worse than those fed on the leaves of Turkey oak. This can be explained by toughness of their leaves, which also accounts for their lower RCR. In locusts leaf toughness reduces nutrient intake and assimilation efficiency, and slows down the passage of food through the gut (Clissold et al., 2009) .
Larvae fed on the least suitable host plant, Hungarian oak, prolonged the period they spent feeding but were not able to compensate for low consumption and growth efficiencies. These larvae were unable to achieve the weight of those reared on the other two species of oak. Moreover, in accordance with slow-growth-high-mortality hypothesis (Clancy & Price, 1987) it is expected that the extended period of feeding will increase the exposure and sensitivity of herbivorous insects to predators, parasitoids and pathogens, resulting in a higher mortality in natural environ-ments (Feeny, 1976; Augner, 1995; Häggström & Larsson, 1995; Benrey & Denno, 1997; Fordyce & Shapiro, 2003) . Accordingly, the prolonged development of larvae fed on the leaves of Hungarian oak may have a negative effect on the population dynamics of gypsy moths, whereas Turkey oak is at greatest risk of defoliation.
Understanding the relationships between gypsy moth and the different species of oak is important for determining the species composition for forests that will make them less susceptible to defoliation by gypsy moth. It may also help in predicting the northward spread of gypsy moth populations resulting from global warming. The northward expansion of Turkey oak, the most suitable host plant for gypsy moth, can be expected in the future (Hlásny et al., 2011) . Consequently, the northern limit to the area in which gypsy moth outbreaks occur is likely to be determined by the northern limit to the distribution of its primary host, Turkey oak (Hlásny & Turčáni, 2009) .
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